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Abstract
The relationship between ground motion characteristics and geohazard-related
earthquake damage was investigated for slope instability, lateral spreading, settlement,
and buried pipeline damage, and the results used to develop two instrumental intensity
scales. The scales are based on three velocity-related ground motion parameters that
reflect the amplitude, frequency content, and duration of a ground motion. The scales
provide intensity values that are strongly correlated to potential damage – one scale
expresses intensity on a 0-10 scale and the other in terms of an apparent earthquake
magnitude. The former is expected to be particularly useful for rapid identification of
potential damaged areas using existing ShakeMap technology.
Introduction
Earthquake intensity scales, such as the Rossi-Forel, Modified Mercalli (MMI), and
European macroseismic scales, have historically been based on qualitative observations
of the effects of earthquake shaking. Instrumental intensity scales, on the other hand,
can be used to describe ground motion levels quantitatively on the basis of actual strong
motion recordings. In many areas, strong motion networks provide relatively dense
spatial coverage so that strong motion records are available shortly after an earthquake.
Such records can be used to determine intensity at the location of the recording, and
also used with interpolation schemes to estimate ground motion intensity at other
locations. The results of such exercises can be used to produce ground motion intensity
maps, referred to as ShakeMaps (Wald et al., 1999a) in the United States, within
minutes after earthquake shaking has ended. ShakeMaps can be used to direct
emergency response and recovery resources in an efficient manner, and to better
understand observed damage patterns. They can also be generated for different
anticipated scenario events to aid in emergency planning and hazard mitigation.
Earthquake geohazards result from several different physical mechanisms, each
of which is influenced by different characteristics of an earthquake ground motion. For
the purpose of this investigation, earthquake geohazards were grouped into the
following four categories:
1. Slope Instability – permanent deformation of slopes due to inertial forces
generated by strong ground motion. This category refers to slopes comprised of
soils that maintain the great majority of their strength during earthquake
shaking, i.e. that behave in a ductile manner.
2. Lateral Spreading – lateral deformation of slopes in potentially liquefiable soils
that develop due to pore pressure-induced softening and/or weakening of the soil

during earthquake shaking. Flow slides, the deformations of which are driven
by static rather than dynamic stresses, are not included in this category.
3. Settlement – vertical ground surface displacement of potentially liquefiable soil
profiles that develop with the dissipation of earthquake-induced pore pressures.
Settlements of unsaturated soils, which can be significant in some cases but are
usually less common and smaller than the previously described settlements, are
not included in this category.
4. Buried Pipeline Damage – breakage of pipelines and/or pipe joints due to
transient ground deformations. This category does not include pipeline damage
caused by ground failure (e.g. slope instability or liquefaction).
Each of these mechanisms can lead to significant and widespread earthquake
damage that can threaten public safety and the economic well-being of a particular
region. The extent to which each actually develops depends on the level of earthquake
ground shaking and on the level of vulnerability of the geologic environment. The
research described in this paper is intended to address the former of these issues by
identifying the ground motion characteristics most closely related to each of these
damage mechanisms, and then using those ground motion characteristics to describe
damage to vulnerable infrastructure elements.
Vulnerability
Observational intensity scales implicitly consider the vulnerability of a particular
environment by relating the intensity to the response of different types of structures
(e.g. rocking motor cars, ringing bells, performance of “well-built ordinary structures,”
etc. in the MMI scale) in that environment. Instrumental intensity scales, on the other
hand, are based on ground shaking characteristics alone; the damage associated with a
particular instrumental intensity value will depend on the vulnerability of the
environment subjected to that level of shaking. In order to “anchor” an instrumental
intensity scale to some measure of damage, the scale must be calibrated in some way.
The ShakeMap intensity (SMI) scale of Wald et al. (1999b), which is based on a
combination of peak acceleration (at low to moderate shaking levels) and peak velocity
(at high shaking levels), was calibrated against MMI (Table 1).
Table 1. SMI intensity scale (after Wald et al., 1999a)
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In an attempt to produce an instrumental intensity scale related to physical
damage, the scales described in this paper were developed using computational

response models instead of empirical response observations – the intent was to use
advances in understanding and modeling of geotechnical response to identify the
characteristics of ground motions that most strongly influence response, and therefore
damage. These analyses required specification of an “inventory” of vulnerable systems
with some potential to be damaged by earthquake shaking. For slope instability
damage, the inventory was assumed to be consistent with a population of engineered
slopes. Lateral spreading and settlement of potentially liquefiable soils frequently
occurs in unimproved natural soils found in coastal areas of urban environments (near
bridges, port facilities, etc.); the inventories used for these mechanisms were taken to be
consistent with the average conditions from databases of lateral spreading case histories
(Youd et al., 2002) and post-liquefaction settlement case histories (Wu, 2002). Buried
pipeline inventories were taken as the average of those published by the American
Lifeline Alliance (American Lifeline Alliance, 2001).
Intensity Scale Framework
The Pacific Earthquake Engineering Research Center (PEER) has developed a
framework for performance-based earthquake engineering. The PEER framework
describes ground motions in terms of an intensity measure (IM), which is simply a
quantitative descriptor of the level of shaking. The level of response of a physical
system to that intensity measure is described by an engineering demand parameter
(EDP). The physical damage associated with that level of response is described by a
damage measure (DM). Therefore, we can establish relationships between the variables
by means of response functions and damage functions, as illustrated in Figure 1. In
order to predict damage as accurately as possible, IMs that correlate well to EDPs and
EDPs that correlate well to DMs must be identified.

Figure 1. Schematic illustration of intensity scale framework.

The efficiency of an IM can be expressed in terms of the dispersion of EDP|IM
or DM|IM. Efficient IMs are those with low conditional uncertainty, i.e. IMs that are
closely related to response and/or damage. For each of the damage mechanisms
described in this paper, an extensive search for an efficient IM was undertaken. The
identified IM was then used to predict DM for that damage mechanism. The DMs from
the individual damage mechanisms were then combined to form a composite DM,
which was then used as the basis for a geohazard intensity scale.
Response Models
A series of response models were used to predict EDPs from IMs. For the slope
stability problem, permanent displacements were computed using a Newmark sliding
block model, which is capable of reflecting the influence of ground motion amplitude,
frequency content, and duration on permanent displacements of ductile slopes. Lateral

spreading displacements were computed using a one-dimensional, nonlinear, effective
stress-based site response analysis with the capability of considering initial shear
stresses. The site response analysis was calibrated so that the mean predicted
permanent displacement for a suite of ground motions matched the mean permanent
displacement predicted by available empirical lateral spreading models. Postliquefaction settlements were computed from excess pore pressure ratios and maximum
shear strains computed by one-dimensional, nonlinear, effective stress-based site
response analysis using the procedure of Shamoto and Zhang (1998). Buried pipeline
response was computed using the model developed by the American Lifeline Alliance,
which was calibrated to represent average pipeline characteristics from inventory data
for San Francisco and Los Angeles.
Damage Models
To compare the levels of physical damage associated with the various levels of response
induced in slopes, liquefiable soil profiles, and buried pipelines, a common measure of
physical damage was required. To accomplish this, a semantically-derived damage
scale was developed. The scale assigns numerical values to five levels of physical
damage – negligible, slight, moderate, severe, and catastrophic – as indicated in Table
2.
Table 2. Definition and description of damage measures.

Level
Negligible
Slight
Moderate
Severe
Catastrophic

DM
0.0 – 0.1
0.1 – 0.4
0.4 – 0.7
0.7 – 0.9
0.9 – 1.0

Description
No loss of functionality; insignificant repair cost
Brief loss of functionality; minor repair cost
Brief to minor loss of functionality; moderate repair cost
Substantial loss of functionality; repair costs approach value
Complete loss of functionality; repair costs exceed value

The EDP levels associated with these DM ranges were developed by polling a
group of engineers experienced in local (Seattle, Washington) practice and a group with
significant international experience in post-earthquake reconnaissance investigations.
These engineers were asked for their opinions on the levels of lateral and vertical
displacement associated with each damage level. The results of these surveys were
used to develop the damage models illustrated in Figure 2.

Figure 2. Graphical illustration of damage models: (a) slope instability and lateral spreading,
(b) settlement, and (c) buried pipeline damage. Solid circles mark boundaries between
different damage levels.

Development of Hazard Scales
The hazard scale development process for each potential damage mechanism involved
(a) combination of the response and damage models to allow DM to be computed
directly from IM, (b) identification of the IM that most efficiently predicted DM, and (c)
establishment of the IM-DM relationship. The composite geohazard intensity scale
required combination of the individual damage mechanism components and
interpretation in the context of attenuation behavior.
Slope Stability Component
Previous research by Travasarou and Bray (2003) identified Arias intensity (Arias,
1970) as an efficient IM for slope failures involving little dynamic response of the
material above the failure plane (i.e. shallow failures and/or deeper failures in relatively
stiff material). Defining the EDP as the mean permanent displacement from sliding
block analyses performed using 360 one-degree-incremental components of each
motion, and using a database of 455 motions, an IM defined as IMslope = 0.7Ia,1 + 0.3Ia,2,
where Ia,1 and Ia,2 are the higher and lower of the two recorded components,
respectively, was found to produce the best fit to DM. By weighting the contributions
from each of ten slopes (normally distributed with μFS = 1.5 and σFS = 2) according to
their probabilities, a model of the form
DM slope

1.9955
⎤
⎡ 0.0150IM slope
=⎢
1.9955 ⎥
⎣⎢1 + 0.0150IM slope ⎦⎥

0.1969

⎛ ⎛ 1.5679 ⎞ 2.1811 ⎞
⎜1 + ⎜
⎟
⎟
⎜ ⎜ IM
⎟
⎟
slope ⎠
⎝ ⎝
⎠

−0.5

(1)

was developed. The model is illustrated in Figure 3.

Figure 3. Variation of DMslope with IMslope for various initial factors of safety, and for weighted
average of all initial factors of safety.

Lateral Spreading Component
Kramer and Mitchell (2006) showed that an intensity measure known as CAV5 was an
efficient predictor of pore pressure generation in liquefiable soils. CAV5 is defined as
cumulative absolute velocity (Benjamin and Associates, 1988) calculated with a
threshold acceleration of 5 cm/sec2. CAV5 was found to also be an efficient predictor of
lateral spreading displacement in analyses performed in this research. Considering
components resolved at 120 three-degree incremental directions for each of 455

motions, an IM defined as IM LS = CAV 52,1 + CAV 52, 2 where CAV5,1 and CAV5,2 are the
higher and lower values of the measured components, respectively, was found to
produce the best fit to DM. The resulting model can be expressed as
DM LS

⎡ (0.00033IM LS 0.91556 ) ⎤
=⎢
0.91556 ⎥
) ⎥⎦
⎢⎣ (1 + 0.00033IM LS

0.04273

⎡ ⎛ 353.804 ⎞ 4.06479 ⎤
⎟⎟
⎢1 + ⎜⎜
⎥
⎢⎣ ⎝ IM LS ⎠
⎥⎦

−0.5

(2)

Settlement Component
CAV5 was also found to also be an efficient predictor of lateral spreading displacement
in analyses performed in this research. Considering components resolved at 120 threedegree incremental directions for each of 455 motions, an IM defined as
IM sett = CAV 52,1 + CAV 52, 2 where CAV5,1 and CAV5,2 are respectively the higher and
lower values of the measured components was found to produce the best fit to DM;
therefore, IMsett = IMLS. The resulting model can be expressed as
DM sett

⎡ (0.000156 IM sett 1.3296 ) ⎤
=⎢
1.3296 ⎥
) ⎥⎦
⎢⎣ (1 + 0.000156 IM sett

0.7822

⎡ ⎛ 0.051549 ⎞17.7345 ⎤
⎟⎟
⎢1 + ⎜⎜
⎥
⎢⎣ ⎝ IM sett ⎠
⎥⎦

−0.5

(3)

Buried Pipeline Component
Peak ground velocity has been identified by the American Lifeline Association as the
IM to which pipeline damage rates are most closely related. Using the 455 motions in
the ground motion database, a model for pipeline damage can be expressed as
DM pipe

⎡ 10000(0.000648PGV )7.9836 ⎤
=⎢
7.9836 ⎥
⎦
⎣1 + 10000(0.000648PGV )

0.0266

⎡ ⎛ 97.4184 ⎞ 4.1146 ⎤
⎟
⎥
⎢1 + ⎜
⎣⎢ ⎝ PGV ⎠
⎦⎥

−0.5

(4)

Composite Geohazard Damage Measure
A composite geohazard-related intensity scale was developed by weighting each of the
four previously described scale in proportion to their anticipated contributions to total
damage in typical urban environments. It should be noted that actual damage depends
on vulnerability, and that the indicated intensity is representative of damage in regions
with inventories of vulnerable systems similar to that assumed herein. For example, the
indicated instrumental intensities are likely to overstate the damage potential of ground
motions in regions that do not have liquefiable soils. A small group of people
experienced in loss estimation and earthquake reconnaissance were polled to obtain
information used to develop weighting factors for the different damage mechanisms.
This information was used to develop the following composite geohazard intensity scale
DMgeo = 0.3 DMslope + 0.2 DMLS + 0.2 DMsett + 0.3 DMpipe

(5)

Geohazard Intensity Scales
The preceding DMgeo values were used to develop two geohazard intensity scales. The
first, known as the Geohazard Damage Potential Intensity, DPI, is obtained by scaling
DMgeo by a factor that simply maps its values to a 10-point scale, i.e.

DPIgeo = 10 DMgeo

(6)

The second scale was developed by fitting the form of a relatively simple ground
motion attenuation relationship to a strong motion database for a reference site
condition, and then inverting the attenuation relationship to express the intensity in
terms of an “apparent” magnitude value corresponding to a standard reference distance
on the standard reference site condition. Selecting “soft rock” as the reference site
condition and using a reference distance of 25 km, the Geohazard Intensity can be
expressed as
I geo =

6.6138
(− ln DM geo )0.10649

(7)

The value of Igeo can be interpreted as the earthquake magnitude expected to cause an
equivalent amount of geohazard damage at a rock site located at an epicentral distance
of 25 km. It should be noted that tis expression has an effective “floor” of Igeo ≈ 5.5,
which follows from the fact that ground motions equal to or weaker than those expected
at a rock site 25 km from a M = 5.5 earthquake are not expected to cause geohazardrelated damage. As a result, use of the Geohazard Intensity scale is not recommended
for events with magnitudes less than 6.
The proposed intensities were used in a procedure similar to that described by
Wald et al. (1999a) to develop instrumental intensity maps for recent earthquakes.
Figure 4 shows the results of such procedures for the southern portion of the San
Francisco Bay Area in the 1989 Loma Prieta (M = 6.9) earthquake. The intensity values
can be seen to generally decrease from south to north, which is consistent with the fact
that the epicenter of the earthquake was south of the mapped area, and to be locally
increased in the areas adjacent to San Francisco Bay which are known to be underlain
by soft soils. DPIgeo values are primarily in the range of 1 – 3, indicating slight damage
with a region of moderate damage indicated for the southeast portion of the map; this
distribution is generally consistent with observed damage patterns.

Figure 4. Illustration of (left) Geohazard Damage Potential Intensity, DPIgeo, and (right) Geohazard
Intensity, Igeo, for the 1989 Loma Prieta earthquake.

Conclusions
An investigation of the effects of ground motion characteristics on geohazard potential
showed that damage was more closely correlated to velocity-related parameters such as
PGV, Arias Intensity, and CAV5 than to the higher-frequency parameter (PGA) relied
upon in commonly used instrumental intensity scales. Calculation of instrumental
intensity using the proposed scales is expected to provide an improved indication of the
damage potential of earthquake ground motions.
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